Atomic resolution STM imaging of a twisted single-wall carbon nanotube 
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We present atomically-resolved STM images of single-wall 
carbon nanotubes (SWNTs) embedded in a crystalline nan- 
otube rope. Although they may be interpreted as of a chi- 
ral nanotube, the images are more consistently explained as 
an achiral armchair tube with a quenched twist distortion. 
The existence of quenched twists in SWNTs in ropes might 
explain the fact that both as-grown bulk nanotube material 
and individual ropes have insulator-like conductivity at low 
temperature. 



Nanostructured materials are an intriguing laboratory 
for investigating the properties of electrons and phonons 
in systems intermediate between solids and single atoms. 
The novel properties of sp 2 -bonded elemental carbon 
make single-walled carbon nanotubes (SWNTs) a 
particularly promising nanostructure with a remarkable 
number of proposed electronic, chemical, sensing, and 
mechanical applications. Since macroscopic amounts 
of atomically flawless SWNTs form spontaneously in a 
plasma containing appropriate catalyst atoms ||, it is 
likely that some of these uses will soon be realized. The 
bulk SWNT material produced by present methods is an 
entangled mat of SWNT bundles (known as ropes) made 
of tubes packed into polycrystalline triangular arrays. 

Well before they could be produced in quantity, it was 
appreciated that the electronic nature of SWNTs is con- 
trolled by the precise wrapping of the graphite sheet, 
due to the latter's critical band structure, poised del- 
icately between metal and semiconductor MM. Later 
work demonstrated that tube curvature and shape fluc- 
tuations have a strong impact on the electronic and 
transport properties of SWNTs f|[jj . Even small twists 
strongly backscatter electrons propagating along a tube, 
while bends in the tube act as much weaker scatterers. 

Resistivity measurements of bulk SWNT material and 
individual ropes agree in large degree with calculations of 
the electron scattering due to thermally excited twists of 
intrinsically metallic tubes Q| . At elevated temperature, 
both bulk and rope resistivities increase linearly with 
temperature as predicted, but there is a still-mysterious 
transition to insulator-like behavior (i. e. dR/dT < 0) 
below a crossover temperature that depends on sample 
preparation. It has been suggested that the source of 
this crossover could be the onset of backscattering from 
twist quenched in the samples. 

Structural and electronic investigations of SWNTs pro- 



vide little insight on this issue so far. Extensive TEM [B, 
X-ray diffraction |9 , electron nano-diffraction M and Ra- 
man scattering flQ] measurements, among other meth- 
ods, suggest that the samples used in our work, pro- 
duced by laser ablation at 1200°C contain a sig- 
nificant fraction of achiral armchair tubes with diameter 
near 1.4 nm. Because of their limited spatial resolution, 
these techniques give little information about the precise 
atomic configuration of individual tubes. Scanning tun- 
neling microscopy can address this issue |p^ , ^3[ , but to 
date no experiments have shed light on the atomic con- 
figuration of SWNTs packed into ropes, where tube-tube 
interactions likely play an important role. 

In this paper, we present images of SWNTs within 
a rope with sufficient spatial resolution to determine 
the wrapping vector |H) and for the first time structural 
distortions that we attribute to forces exerted by their 
neighbors in the lattice. Our STM images could be as- 
cribed to a chiral nanotube, but are more consistently 
explained as an armchair tube with a quenched twist 
distortion. We argue that the amount of observed twist 
can be qualitatively explained within existing theories of 
SWNT mechanics. Our data is evidence that quenched 
twists exist in SWNTs in ropes and may contribute to the 
observed insulator-like conductivity at low temperature. 

In order to get well-defined, atomically flat substrates 
for high-resolution STM images, we evaporate gold onto 
mica substrates at 300°C. After annealing in a gas flame, 
atomically flat Au(lll) terraces several hundred nanome- 
ters in size are obtained. As-grown nanotube material 
was sonicated for 30 minutes in dichloroethane, then a 
small drop of the solution was put on the gold surface 
and blown dry in a nitrogen stream. 

Measurements were taken in air with commercial Pt- 
Ir tips and an STM of the Besocke design (the Beetle 
STM from Omicron, Inc.). Although the instrument has 
a rather small scan size (about 2 /im, it allows a reli- 
able coarse lateral movement with steps in the range of 
50 to 200 nm, making it possible to find useful sample 
regions in a few minutes, even with low SWNT density. 
Lateral dimensions were calibrated to an estimated accu- 
racy better than 15 % using atomically-resolved images 
of Au(lll), highly-oriented pyrolytic graphite (HOPG), 
and decanethiol monolayers on Au(lll). The vertical 
scale was calibrated at monoatomic steps between ter- 
races of Au(lll). Images were obtained with tunneling 
voltages in the range of 700 — 900 mV and setpoint cur- 
rents between 350 and 900 pA. No significant influence 
of the voltage polarity was noticed. 
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Figure |l| shows a densely packed rope with a rectangu- 
lar cross-section. It is unclear whether this shape is due 
to the rope-substrate interaction or if rectangular ropes 
with such large aspect ratios form during the growth pro- 
cess Q . At the side- wall of the rope, distinct steps and 
terraces are seen. A careful examination reveals that the 
step heights are rather well-quantized, implying that the 
rope consists of tubes with a narrow diameter distribu- 
tion. This image also lets us accurately determine the 
direction of the tube axes. 

All high resolution images discussed below were taken 
with the fast scan direction nearly parallel to the tube 
axis. This minimizes the effect of lateral tip-sample forces 
that are found to disrupt the binding between tubes and 
substrate. Moreover, the amplitude of height changes 
during each line scan is minimized, resulting in reduced 
feedback error. 

Figure |^a shows a high resolution image of an area on 
top of the rope. This image combines data from two se- 
quential scans, a procedure made possible by the STM 
system's low drift. A cylindrical tube is visible, embed- 
ded in a flat, disordered surface that may be conducting 
amorphous carbon. On the surface of the tube we re- 
solve individual hexagons of carbon atoms arranged in 
the honeycomb lattice of a single sheet of graphite. This 
honeycomb pattern differs distinctly from the hexagonal 
lattice typical of STM images of HOPG, where the tip 
senses only every second atom in a unit cell (the one ly- 
ing above an atom in the second layer of the AB stacked 
crystal) . The distance between the centers of the carbon 
rings is 0.25 nm, as expected for graphite, confirming the 
claim that we image each atom on the tube. 

Figure ^|b shows raw topographic data along a line per- 
pendicular to the tube axis. The deviation from a circular 
cross-section likely results from a slightly asymmetric tip 
shape. The visible tube width is 1.4 nm, and its height 
above the amorphous background is 0.35 nm. Assuming 
a circular tube cross-section, this gives a measured tube 
diameter of 1.7 nm. X-ray diffraction data || show a 
rope lattice spacing of 1.7 nm and a peak in the SWNT 
diameter distribution at 1.4 nm. Since STM probes the 
electronic rather than nuclear tube diameter, it is not sur- 
prising that our measured diameter is close to the rope 
lattice spacing, since both include a contribution from 
the electron cloud surrounding the tube. 

Following Refs. @,||], we index a SWNT by a pair 
of integers (n, m) corresponding to the wrapping vector 
L = Mi +?7ia2 that defines the elementary orbit around 
the tube waist. We also define the armchair and zig-zag 
directions (n,n) and (n,0). Each nanotube index (n,m) 
has a characteristic diameter and chiral angle between 
the zig-zag direction and the tube axis. For example, the 
chiral angle of an undistorted armchair tube (see Fig. 

with wrapping vector [n, n) is zero, since the arm- 
chair (solid lines) and zig-zag (horizontal dotted arrow) 
directions are perpendicular and parallel to the tube axis, 



respectively. Two sets of dotted parallel lines in Fig. |3ja 
show the other zig-zag directions. 

We can take the data from Fig. ||a and suppress the 
tube curvature for enhanced atomic contrast. This yields 
Fig. ^, where we indicate the tube axis and armchair 
and zig-zag directions as in Fig. ||a. In Fig. |] there is 
a chiral angle of about 4° between the axis and the zig- 
zag direction, which, combined with the 1.4 nm diameter 
found above, gives a tentative identification of a (12,9) 
tube (diameter 1.43 nm, chiral angle 4.7°). Although 
this conclusion may be correct, it does not account for all 
features of the image. Closer inspection of Fig. |] reveals 
that the armchair direction is on average perpendicular to 
the tube axis, as expected for a non-chiral armchair tube. 
In addition, the average angle between the armchair and 
zig-zag directions is greater than 90°, implying that the 
tube is distorted from its equilibrium conformation. 

All these observations can be explained if the images 
are in fact of an armchair tube with a twist distortion of 
4°. The observed diameter near 1.4 nm would make it 
a (10, 10) tube, although the (11, 11) diameter is within 
experimental error. As sketched in Fig. ^b, a twist de- 
formation of an armchair nanotube causes the angle be- 
tween the zig-zag and armchair directions to differ from 
90°, while the armchair direction remains perpendicular 
to the tube axis, just as in Fig. |[ Such distortions are 
particularly important to the electronic properties of the 
tube (and rope). A localized twist is a strong source of 
electron backscattering, and a uniformly twisted SWNT 
has a gap at the Fermi energy, even if the undistorted 
tube is metallic ||. Following Ref. ||, we find that a 
uniform 4° twist of a (10, 10) tube creates a gap of 0.6 
eV. The splay in the armchair lines of Fig. ^ may indicate 
a gentle bend of the tube within the rope. As mentioned 
above, such bends are predicted to have only a minor 
effect on the rope resistivity. 

Although a 4° twist is large, it is consistent with what 
is known about the mechanical properties of SWNTs. 
Amazingly enough, SWNT mechanics can be modeled 
rather well as if the tube were a continuous cylinder with 
a wall thickness of 0.34 nm, the interplane spacing in 
graphite ||l5| , |l6| . A tube in a rope will try as much as 
possible to align its hexagons with those of neighbor- 
ing tubes as in the AB stacking of graphite. In a rope 
containing tubes of differing helicities, frustration will in- 
duce tube twists. Countering this tendency is the energy 
cost associated with an elastic twist distortion. Little 
is known about the details of this energy balance and 
possible energy barriers that define local energy minima. 
Since ropes produced by laser ablation form within a high 
temperature plasma that is rapidly quenched, there could 
be substantial population of non-equilibrium geometries. 
Large twists could occur even in ropes made entirely of 
tubes with the identical wrapping vectors. 

We now estimate the magnitude of twist that could be 
induced by interactions between tubes of differing he- 
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licities. Mentally unrolling the SWNT reveals that a 
twist distortion of a tube is equivalent to a shear of the 
underlying single plane of graphite (see Fig. ||b) whose 
modulus we take from bulk graphite as Mf, = 0.45 TPa. 
Similarly, a rotation of the tube away from its equilib- 
rium alignment with its neighbors in the rope likely has 
a modulus similar to that of a shear distortion along the 
graphite c-axis, M c = 0.004 TPa. For a (10, 10) tube, 
which is invariant under a rotation of 7r/5, the maximum 
angular deviation from ideal alignment that can occur 
is 7r/10. Since the tube radius is 0.7 nm, the equiva- 
lent shear for two graphite planes separated by 0.34 nm 
is about e max = 0.67. The energy stored per unit vol- 
ume under a shear is the product of the relevant mod- 
ulus and the square of the shear. This implies that an 
upper limit on the twist that can occur for the tube is 
e m ax\/M c /Mb — 0.067. Even larger twists are possible 
if they are caused by included impurities in the rope. 
Our observed twist of 4° (0.07 rad) is quite close to this 
estimated upper limit for twists induced by tube-tube 
interactions alone. 

It is very unlikely that STM artifacts are responsible 
for the features we observe. We first consider artifacts 
due to a finite tip diameter. An ideal zero-radius tip im- 
ages the projection of the tube on the substrate plane; a 
tip with non-zero radius stretches the image perpendicu- 
lar to the axis of the circular tube. Distortions due to a 
symmetric tip should be symmetric to the center axis of 
the tube and not create an apparent twist. An asymmet- 
ric tip would lead to an image where one side of the tube 
was stretched compared to the other; again this would 
not be interpreted as a twist. 

Tube motion due to forces exerted by the STM tip 
may also distort the image. Because the tube surface 
is strongly curved, we expect this force to be nearly per- 
pendicular to the tube axis. We have observed large tube 
shifts in our experiments which typically appear as a sud- 
den jump in the image. Slower, more continuous tube 
motions that lead to distorted images might also occur. 
To rule out this effect, we took images of the region in 
Fig. |] at scan angles as large as 15° with respect to the 
tube axis. They were essentially identical to those pre- 
sented here. 

In summary, we have obtained STM images that for 
the first time allow the determination of the atomic struc- 
ture of an armchair SWNT with a twist distortion from 
its equilibrium structure in isolation. Tube twist should 
be taken into account when assigning wrapping vectors 
to SWNTs, and might also occur in individual tubes 
that are strongly adsorbed on substrates . Quenched 
twists are expected to strongly affect the intrinsic elec- 
tronic properties of SWNTs, and they may contribute 
to the observed insulator-like resistivity of SWNT ropes 
at low temperature. Useful future experiments include 
quantifying the twist frequency in SWNT ropes produced 
by different techniques (laser ablation versus carbon arc), 



and determining whether twist relaxation plays a role in 
processing techniques (e. g. alkalai doping 0) known to 
increase the conductivity of SWNT material. 
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FIG. 1. Image of a rectangular SWNT rope on a Au(lll) 
substrate. Individual tubes are seen on the top of the rope, 
along with single and multiple tube steps on the near face. 

FIG. 2. a) High-resolution STM image of an area on top of 
the rope. Hexagons of carbon atoms are clearly resolved. The 
hexagon- hexagon distance is 0.25 nm, as expected for a tube 
rolled from a single graphite sheet, b) Line scan perpendicular 
to the tube axis as shown by the white line in the Fig. 

FIG. 3. a ) Sketch of an undistorted armchair nanotube. 
<zi and 02 are the unit vectors of the graphite lattice. The 
armchair and zig-zag directions are shown by solid and dotted 
lines, respectively, b) Sketch of the atomic positions in a 
twisted armchair tube. The armchair and zig-zag directions 
are indicated as in Fig. 3a. 
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FIG. 4. Image of the same area as in Fig. 2. The over- 
all tube curvature has been removed to increase the appar- 
ent atomic corrugation. The dotted (solid) lines indicate the 
zig-zag (armchair) directions, as in Fig. 3. Two grey lines 
mark the edge of the tube. 
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This figure "figl.gif" is available in "gif" format from: 



http://arXiv.org/ps/cond-mat/9804175vl 
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